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It is necessary to directly determine the speciation of
elements in hydrobiogeochemical systems. It is not wise to

assume or indirectly determine the speciation of an
element.

Scientifically integrated lab-based and synchrotron approaches
directly provide this information and enable an iterative process
of science driving the development of new synchrotron-based
technology and the technology providing important insights that
allow development of new scientific hypotheses.
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Synchrotrons- “X-ray Physics 101”

The Advanced Photon Source,

¥~C
Argonne National laboratory
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MRCAT/ENVIROCAT is a dedicated hard x-ray insertion device beam line dedicated to
x-ray absorption (micro)spectroscopy and limited x-ray fluorescence imaging.
Development of a bending magnet beam line for increased spectroscopy availability
and development of improved x-ray fluorescence imaging capabilities at the insertion

device beam line are presently underway.




X-ray-Absorption Fine Structure
(XAFS)
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X-ray Absorption Near Edge Structure-(XANES)

—— Uh1 biomass data
U(IV) Standard
— U(VI) Standard

17150 17200 17250
Energy (eV)

B Position of edge depends on valence state of
absorbing atoms




Extended X-ray Absorption Fine Structure-
(EXAFS) B e
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Electron transfer from Fe to U at carboxyl surfaces
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Adsorbed or solvated monomeric Fe(ll) does not reduce U(VI) (pH 7.5)

Rapid reduction of adsorbed U(VI) to U(IV) is observed under Fe(ll)
polymerizing conditions.

Reduced U(IV) is present as nanoparticulate uraninite, coassociated
with Fe in the solid phase, implying an inner sphere electron transfer
mechanism.

A M. | Boyanov, E. J. O'Loughlin, E. E. Roden, J. B. Fel ner,

Geochim. Cosmochim. Acta 71 1898-1912, 2007.
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Speciation of Uranium in Sediments before and after in Situ Biostimulation
Shelly D. Kelly, Kenneth M. Kemner, Jack Carley, Craig Criddle, Phillip M. Jardine,

Terence L. Marsh, Debra Phillips, David Watson, Wei-Min Wu
acceptance pending minor revisions ES&T 2007

During Weekly Biostimulation
Injections (monitoring wells) and
After on Month of Cessation
(injection well)
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After One Year of Storage
Monitoring wells at 13.7 and 12.2 m
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Kemner, O’Loughlin, Kelly, Boyanov;, “Synchrotron X=rayiif gations of
mineral-microbe-metal interactions,” Elements August 200




XRM with Fresnel zone plates:

X-RAY MICROPROBE BEAMLINE AT APS Resolution is dependent
(2-ID-D/E) on the size of the x-ray
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XRF microscopy investigation of the
localization of extracellular metalloprotelns

Genomic analysis of the DMRB S.
oneidensis MR-1 revealed it possesses
several c-type cytochromes that are
localized to the outer membrane (OM)
and hypothesized to be involved in the
reduction of U(VI) to UO,,, in the form of
nanoparticles. A mutant 2 -MtrC/-OmcA)
was constructed that was deficient in
two OM decaheme c-type cytochromes
(MtrC and OmcA).

We have performed XRF elemental
analysis of S. oneidensis MR-1 and
mutant cells, and extracellular UO,
precipitates to investigate the location of
high concentrations of Fe, consistent

with the presence of metalloproteins.
M. Boyanov, B. Lai, K. Kemner (ANL)

J. Fredrickson, J. Zachara, A. Beliaev, M. Marshall,
A. Dohnalkova, D. Kennedy (PNNL)

A M. J. Marshall, et al., PLoS Biology,
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XRF microscopy determination of co-localization of
Fe, P, and U with cellular and extracellular material
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Cellular and extracellular co-localization of U, P, and Fe observed on fiber-like
structures produced by S. oneidensis MR-1. Co-localization only peri-plasmic in
mutant cells lacking the OM c-type cytochromes MtrC and OmcA.

Results are consistent with Fe-containing proteins associated with extra-cellular
UO, fiber-like structures.

M. J. Marshall, et al., PLoS Biolo; ' -




Bacterial resistance to radiation

Release

Fe(lif)

Radiation-induced cell death often attributed to DNA damage
Fe-facilitated Fenton reaction accentuates damage

High Mn/Fe ratios (D. radiodurans) resistant to radiation
Low Mn/Fe ratios (S. oneidnesis) less resistant to radiation
XRF microscopy shows

-Mn ubiquitous throughout cell

-Fe (Fenton reaction) between cells
Mn XAFS shows Mn2+ throughout cell

-facilitates superoxide scavanging

Radiation damage caused by protein oxidation during irradiation

ed as the
Vol. 5, No




Coupled Microbial, Geochemical, and Mineralogical Controls
on Biogenic Fe(ll) Speciation and Reactivity

Ed O’Loughlin, Ken Kemner, Carol Giometti, Shelly Kelly, & Bruce Ravel (ANL)
Michele Scherer (University of lowa)

Maxim Boyanov (University of Sofia)

Michael McCormick (Hamilton College)

Robert Sanford (University of lllinois at Urbana-Champaign)

Biogeochemical controls on biogenic Fe(ll) speciation

B Effects of microbial physiology (e- donor utilization across
broad range of Fe(lll)-reducing bacteria)

B Solution chemistry effects (pH, [COsl;o7, [PO,]o7, €tC.)

B Effects of Fe(lll) mineralogy (Fe(lll) oxides/oxyhydroxides,
Fe(lll)-bearing clay minerals, and natural mineral assemblages)

Differential redox reactivity of biogenic Fe(ll) species

B Systematic investigation of the effects of biogenic Fe(ll)
speciation on contaminant reduction




“Abiotic” vs Microbial vs Microbially Mediated
Contaminant Reduction
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Microbial Fe(lll) Reduction Organic C_,
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Green Rusts have been shown to reduce U(VI)', Cr(VI), Tc(VIl), Hg(ll)?
nitrate, some chlorinated solvents, nitroaromatics, Se(VIl) & others

(1) O'Loughlin, E.J., S.D. Kelly, R.E. Cook, R. Csencsits and K.M. Kemner. 2003. Reduction of uranium(Vl)
by mixed Fe(ll)/Fe(lll) hydroxide (green rust): Formation of UO, nanoparticles. ES&T. 37: 721-727.

(2) O'Loughlin, E.J., S.D. Kelly, K.M. Kemner, R. Cesncsits, and R.E. Cook. 2003. Reduction of Ag(l), Au(lll),
Cu(ll), and Hg(ll) by Fe(ll)/Fe(lll) hydroxysulfate green rust. Chemosphere 53: 437-446.



Differential Redox Reactivity of Biogenic Fe(II) Species
Formation of Biogenic Fe(ll) Phases

Experimental System
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160-mL serum vial
100 mL Minimal Medium
75 mM e donor
80 mM Fe(lll)
~5 %109 cells mL"
typically S. putrefaciens CN32

O’Loughlin, E. J., P. Larese-Casanova, R. E. Cook, and M. M. Scherer. (In press). Green rust formation from
dissimilatory iron reduction of y-FeOOH (lepidocrocite): Comparison of several Shewanella species.
Geomicrobiol. J.



Formation of Biogenic Fe(ll) Phases
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O’Loughlin, E.J., P. C.A. Gorski, R.E. Cook, and M.M. Scherer. (in preparation). Electron donor effects on the
bioreduction of lepidocrocite by Shewanella putrefaciens CN32. Geomicrobiol. J



U(VI) Interaction with Biogenic Fe(ll) Phases

Experimental System

e | : pH

headspace

U speciation
U XAFS

Total U

Biogenic Fe(ll) phase
Pasteurized 70 °C
Washed/sonicated

~60 mM Fe(ll)

Add 500 uM U(VI) Within 48 h > 98% of added U associated with solids

O’Loughlin, E.J., S.D. Kelly, and K.M Kemner. (in preparation). Reduction of U(VI) by products of the
bioreduction of Fe(lll) oxides. Environ. Sci. Technol.



U L,~edge EXAFS Results for U(VI) Interaction with
Biogenic Green Rust
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U L,-edge EXAFS Results for U(VI) Interaction with

Biogenic Magnetite
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U L,-edge EXAFS Results for U(VI) Interaction with
Biogenic Siderite
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Differential Redox Reactivity of Biogenic Fe(ll) Phases

Differential redox reactivity of biogenic Fe(ll) species

B Rapid and complete reduction of U(VI) by biogenic green rust
B Partial reduction of U(VI) by biogenic magnetite (kinetics?)

B Siderite an effective sorbent for U(VI) (stability), but no
reduction

Future studies will focus on

B Solution chemistry effects; parameters affecting U(VI) speciation
in particular (pH, [CO,] o7, cations, organic ligands, etc.)

B Quantitative determination of uptake/reduction kinetics

B Stability of reduced/sequesterd U




Summary

B An improved understanding of fundamental coupled
biogeochemical processes obviously is critical for decision
making for environmental remediation and long-term
stewardship.

B Synchrotron x-ray radiation provides the most versatile and
powerful approach for directly determining the chemical
speciation of the radionuclide and heavy metal contaminants of
concern to DOE.

B Integration of synchrotron approaches with integrated
multidisciplinary scientific investigations provides a powerful
way of understanding coupled biogeochemical processes
whereby the scientific question drives the development of new
synchrotron-based technologies and the unique information
provided by the synchrotron-based technology enables the
development of new scientific hypotheses and insights.




